The main objective of this work is to evaluate the buckling capacity of a mixed adhesively lab joint panel when subjected to in-plane shear loading. In the plate joints, two types of adhesive were used in the overlap region and the stiff adhesive was located in the middle. This technique proposes to modify the mechanical properties of adhesive along the overlap. The adherents used in the investigation are made up from homogeneous isotropic material and laminated composite. Three-dimensional finite element models were developed for mixed adhesively bonded isotropic and orthotropic panel pairs. Linear finite element models have been developed to understand how variable modulus bond line affected the buckling loads. Finite element analyses were performed to predict buckling loads for different adhesive Young's modulus ratios and different adherent material types in the first five modes.
Introduction
Adhesively joint strength optimization can be obtained through modification of the adhesive structure such as mixed adhesive bonded joints. Mixed modulus adhesive bonded joints have been proposed in the literature [1, 2] to improve the stress distribution and increase the performance of the joints. This technique consists in using stiff/strong adhesive in the middle of the overlap and flexible/ductile adhesive at the end of the overlap [3, 4] . Da Silva and Adams [5] and da Silva and Lopes [6] showed that the mixed adhesive technique gives more uniform stress distribution that is leads to strength increases in relation to a stiff adhesive alone. Fitton and Broughton [7] studied experimental and finite element analysis (FEA) with mixed adhesive method for improvement the joint performance. Adhesively bonded joints performance can be also change under the in-plane shear loading. In literature, Kim and Kedward [8] developed analytical solution for the stress analysis of an adhesively bonded lap joint under in-plane shear loading. Mocibob and Crisinel [9] presented glass panel behavior subjected in plane shear loading in architecture area. Also most recently, an interesting work on the adhesively bonded structures having graded properties under in plane shear loading can be found in [10] .
The main objective of the present work is to assess how the buckling load of the mixed adhesive joints varies when different adhesive Young's modulus ratios are used at the joint under in-plane shear loading. Also, finite element analysis is used to predict buckling loads for mixed adhesive lap joints having both isotropic and orthotropic adherent materials. * e-mail: mineuslu@yildiz.edu.tr
Description of the mixed adhesively lap joint
The geometry and dimensions of the mixed adhesively bonded plate are shown in Fig. 1a . The adherent plate width (w) and the adherent length (l) are 100 cm and the adherent thickness (t) is 0.5 cm. Also in the joint structure bond length (l 1 ) is chosen as 50 cm. The stiff adhesive is located in the middle of the flexible adhesive layer and all adhesive layer thicknesses (t 1 ) are 0.25 cm. To obtain more general results from the analysis, the geometric shape of the stiff adhesive region is elliptically taken and the ratio of the minor axis to the major axis (c/a) was taken equal to 0.1. The ratio of the stiff adhesive elastic modulus (E 1 ) to flexible adhesive elastic modulus (E 2 ) are varied as E 1 /E 2 = 50, 100, 250, 1000. Therefore, five different adhesive layer configurations were investigated. Additionally, the full flexible adhesive without stiff adhesive region was described as E 1 /E 2 = 1. Adherents materials were chosen isotropic and orthotropic material and the mechanical properties of adherents and adhesives can be seen in Table I .
Analysis of mixed adhesively lap joint
Three-dimensional finite element analyses were performed using ANSYS ® commercial finite element 
analysis software. The numerical models were divided into finite number of elements using twenty-node solid elements (Solid 95) and in-plane shear load 1 kg was applied as seen in Fig. 1b . The contact surfaces between the stiff adhesive/flexible adhesive (Fig. 2a) and the adherents/adhesive (Fig. 2b) were modeled using surface to surface contact elements (Conta 174 and Targe 170). Thus, the contact problem can be considered to model the interface as two surfaces. These contact elements' positions can be seen in Fig. 2 . Sliding and debonding of two surfaces were not considered and bonded always options in ANSYS ® was chosen for contact surfaces. Also, penalty method was selected as contact algorithm and normal stiffness factor was considered to controlling penetration and optimal converge rate. 
Analysis results and discussion
The influences of the stiff/flexible adhesive elastic modulus ratio (E 1 /E 2 ) on the buckling load are presented in Fig. 3 and Fig. 4 . Figure 3 shows that the critical buckling load (on mode 1) increased with increase of the E 1 /E 2 ratio, because of occurring high strength in the adhesively lap joint. But this increase varies to the ranges of the elastic modulus ratio. When the ratio of E 1 /E 2 is in between 1 and 50, the critical buckling loads tend to drastically increase. When E 1 /E 2 is in between 50 and 250, the critical buckling loads increase slightly. The similar curves are seen in the mixed adhesively lap joint having both orthotropic adherents and isotropic adherents as seen in Fig. 3a and b .
In addition, isotropic material selection for adherents gave better results than the orthotropic material on assemblies subjected to in-plane shear loading. When the adherent materials are compared for the first mode, the critical buckling load value was 7.49 kg for orthotropic adherents and this value was 9.82 kg for isotropic adherents, for E 1 /E 2 is equal to 1. This result and trends in Fig. 3 presented that the critical buckling load is increased nearly by 30% when orthotropic adherent material changed to isotropic adherents.
The results were summarized for the according mode numbers. The ratio of the adhesive elastic modulus (E 1 /E 2 ) in the mixed adhesively lap joints was compared with the first five modes. In Fig. 4 , the buckling loads can be seen to be highly dependent on the ratio of E 1 /E 2 for all modes, especially mode 2. As seen in Fig. 4, the buckling load increased by 7 .52% when the E 1 /E 2 ratio increased from 50 to 1000 for the mixed adhesively joint having orthotropic adherents. This increment was calculated as 6.22% for the mixed adhesively isotropic adherents joint. These results presented that, as is known, E 1 /E 2 ratio is affected by the buckling load, but also buckling load changing ratio should be handled with caution according to the mode numbers and adherents materials.
For full adhesively flexible adhesive case (E 1 /E 2 = 1), the buckling load increased 1.83 times in between mode 1 (Fig. 4a) and mode 2 (Fig. 4b) for orthotropic adherents and 1.65 times for the isotropic adherents. These increment values between mode 1 and mode 3 (Fig. 4c) were 4.01 times and 3.66 times for orthotropic and isotropic adherents, respectively. When the increment values between mode 1 and mode 4 (Fig. 4d) were considered for orthotropic and isotropic adherents, these values were determined as 4.57 times and 4.09 times, respectively. Besides, these values were obtained 4.85 times and 4.32 times for orthotropic and isotropic adherents as regarding the relation between mode 1 and mode 5 (Fig. 4e) . When the elastic modulus ratio (E 1 /E 2 ) was selected as 1000, buckling load increased 2.1 times on between mode 1 and mode 2 for orthotropic adherents and this value was 1.88 for isotropic adherents. This increment ratio of buckling load in between mode 1 and mode 5 was 5.00 times and 4.45 times for orthotropic and isotropic adherents, respectively. These numeric results revealed that orthotropic material properties of the adherents play higher role than the isotropic material properties on buckling loads changing ratio according to mode numbers.
Conclusion
This study was performed in order to evaluate the buckling loads of mixed adhesively lap joints under inplane shear loading. In adhesively lap joint model, isotropic and orthotropic adherents were bonded with the adhesive layer having the stiff adhesive in the middle and the flexible adhesive around it. The ratios of the stiff adhesive elastic modulus to the flexible adhesive elastic modulus (E 1 /E 2 ) effects were investigated on the buckling loads for first five modes. Comparing the obtained results from numerical investigation, it is seen that the buckling load increases with increase of the E 1 /E 2 as is known but the behaviour of the increment varies to range of the E 1 /E 2 . Also, the results presented that orthotropic adherents plays higher role on buckling loads changing ratio according to mode numbers than isotropic adherents. Therefore, in a mixed adhesively lap joint under in-plane shear loading, buckling load changing ratio should be handled with caution according to the mode numbers and adherents materials types.
